Introduction
============

Ovarian cancer (OVCA) is one of the leading causes of cancer-associated deaths among women ([@b1-or-44-03-0887],[@b2-or-44-03-0887]). According to the World Health Organization, OVCA accounts for 150,000 deaths annually worldwide ([@b3-or-44-03-0887]). Therefore, there is an urgent need to better understand the molecular mechanisms of tumor growth and development of OVCA.

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a key regulatory enzyme, which catalyzes the oxidative phosphorylation of glycerol-3-phosphate during glycolysis. It is one of the most extensively investigated housekeeping genes, and is widely used as an internal control for the analysis of gene expression levels. However, mounting evidence now recognizes GAPDH as a multifunctional protein involved in a range of biological processes, including membrane fusion and transport ([@b4-or-44-03-0887],[@b5-or-44-03-0887]), apoptosis ([@b6-or-44-03-0887]), DNA repair ([@b7-or-44-03-0887]), DNA replication and regulation of transcription and translation ([@b8-or-44-03-0887]). GAPDH expression is modulated by serum, epidermal growth factor and retinoic acid ([@b9-or-44-03-0887],[@b10-or-44-03-0887]). In addition, it has been reported that miRNA-mediated regulation is partly responsible for the variability in GAPDH expression ([@b11-or-44-03-0887]). Recent studies have demonstrated that GAPDH expression is significantly upregulated in several types of cancer, such as renal ([@b12-or-44-03-0887],[@b13-or-44-03-0887]), breast ([@b14-or-44-03-0887]) and nasopharyngeal cancer ([@b15-or-44-03-0887]). A dysregulation of GAPDH expression may potentially be associated with tumorigenesis and malignancy.

Recently, studies have suggested that the genomes of the majority of cancers in adults contain thousands of somatic mutations ([@b16-or-44-03-0887]), and mutations in the 3′untranslated region (3′UTR) may mediate oncogene activation or tumor suppressor inactivation by altering microRNA (miRNA/miR)-binding efficiency ([@b17-or-44-03-0887],[@b18-or-44-03-0887]). miRNAs are small, endogenous and non-coding RNAs that negatively regulate gene expression at the post-transcriptional level, by binding to the 3′UTR of their target mRNAs ([@b19-or-44-03-0887]). It has also been reported that mRNAs, long non-coding RNAs (lncRNAs), and transcribed pseudogenes can act as competitive endogenous RNAs (ceRNAs) which co-regulate each other\'s expression by competing for shared microRNAs ([@b20-or-44-03-0887],[@b21-or-44-03-0887]), and the 3′UTR of mRNA alone can act as a ceRNA ([@b22-or-44-03-0887]--[@b25-or-44-03-0887]). Dysregulation of the expression of various miRNAs has been identified in several types of cancer, and have been demonstrated to contribute to the malignancy and tumorigenesis of cancer ([@b26-or-44-03-0887]--[@b28-or-44-03-0887]).

In the present study, it was demonstrated that the expression of GAPDH mRNA was upregulated in OVCA tissues, and a somatic mutation in the 3′UTR of GAPDH was identified, which was located in the seed sequence of miR-125b. The mutant GAPDH 3′UTR promoted tumor growth and cell motility by directly binding to miR-125b, thus upregulating the expression of the miR-125b target gene, STAT3, in OVCA.

Materials and methods
=====================

### Clinical tissue specimens and cell lines

All experimental protocols in the present study were approved by The Third Affiliated Hospital of Guangzhou Medical University (Guangzhou, Guangdong, China). Between January 2015 and 2019, a total of 120 patients who were pathologically diagnosed with OVCA were enrolled in this study. The inclusion criteria were as follows: OVCA patients who were scheduled for cytoreductive surgery; patients aged above 18 years. Any patient who was in pregnancy, or who was diagnosed with a malignant tumor of another organ and tissue was excluded. The clinicopathological characteristics of these 120 OVCA patients are documented in [Table I](#tI-or-44-03-0887){ref-type="table"}. All patients included in this study provided written informed consent prior to surgery. The cell lines used in this study were, SKOV3, OVCAR3 and 293T cells, and were all obtained from the American Type Culture Collection. 293T cells were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) in a humidified incubator with 5% CO~2~ at 37°C. SKOV3 and OVCAR3 cells were cultured in RPMI-1640 medium with 10% FBS under the same incubation conditions.

### Transcriptome library preparation and sequencing

Total RNA was extracted from cancer and normal tissues using TRIzol^®^ (Tiangen Biotech Co., Ltd.). RNA degradation and contamination were assessed by running a sample on a 1% agarose gel. RNA purity and concentration were detected using a NanoPhotometer^®^ spectrophotometer (Implen GmbH) and a Qubit^®^ RNA Assay kit with a Qubit^®^ 2.0 Flurometer (Thermo Fisher Scientific, Inc.), respectively. RNA integrity was assessed using an RNA Nano 6000 Assay kit with a Bioanalyzer 2100 system (Agilent Technologies, Inc.). Subsequently, a total of 3 µg of RNA from each sample was used to construct the Illumina sequencing library with a NEBNext^®^ Ultra™ RNA Library Prep kit for Illumina^®^ (New England BioLabs, Inc.). The index codes were added to attribute sequences to each sample using a TruSeq PE Cluster kit v3-cBot-HS (Illumina, Inc.), and the prepared libraries were sequenced using an Illumina Hiseq^®^ 2500 platform (Illumina, Inc.).

### Generation of a stable cell line

The primer sequences for the amplification of GAPDH 3′UTR-WT or the mutant (CCTAG to CCTCAG) were as follows: GAPDH 3′UTR forward, 5′-CCAGCAAGAGCACAAGAGGA-3′ and reverse, 5′-TGGTTGAGCACAGGGTACTT-3′. GAPDH 3′UTR-MUT (CCT AG to CCTCAG) and control DNA fragments were cloned into a pLKO.1-EGFP lentivirus vector. 293T cells were used for generation of lentiviral particles by transfecting the expression vectors and package vectors with PEI. A total of 72 h after transfection, supernatants containing the lentiviral particles were harvested, and the remaining cells were removed by concentration. For lentiviral infection, SKOV3 and OVCAR3 cells were seeded 1 day prior to infection, and cells were infected with a multiplicity of infection (MOI) of 20 and 30, respectively. The lentivirus was diluted in RPMI-1640 medium containing Polybrene (10 µg/ml) and added to the cells for 24 h at 37°C. Subsequently, the virus-containing medium was replaced with fresh supplemented RPMI-1640 medium, and the successfully infected cells were isolated using FACS based on eGFP fluorescence.

### RNA transfection

miR-125b mimics, Ago2 small interfering (si)RNA and their corresponding negative controls (NCs) were purchased form Shanghai GenePharma Co., Ltd. Transfection was performed using Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, Inc.). miR-125b mimics, Ago2 siRNA and NC at a final concentration of 50 nM were used for transfection. The sequences of the Ago2 siRNAs used were as follows: Ago2-siRNA-1, 5′-GCCAGTAATCGAGTTTGTT-3′; Ago2-siRNA-2, 5′-GGTACCACCTGGTGGATAA-3′; and Ago2-siRNA-3, 5′-GCAGAAACACACCTACCTT-3′.

### RNA extraction and reverse transcription-quantitative PCR

TRIzol^®^ reagent (Tiangen Biotech Co., Ltd.) was used to isolate total RNA. A total of 2 µg of each RNA sample was reverse transcribed into cDNA using FastQuant RT Super mix (Tiangen Biotech Co., Ltd.). qPCR was performed on a Bio-Rad MiniOpticon Real-Time PCR system (Bio-Rad Laboratories, Inc.) using a SYBR Green PCR Master mix (Tiangen Biotech Co., Ltd.). A Bugle-Loop™ miRNA qPCR kit (Guangzhou RiboBio Co., Ltd.) was used to quantify miR-125b and U6. Hsa-mir-125b-1_1\_PR miScript Precursor Assay (Qiagen GmbH) was used for quantification of precursor miR-125b. The primer sequences were as follows: GAPDH forward, 5′-AGCCACAATCGCTCAGACAC-3′ and reverse, 5′-GCCCAATACGACCAAATCC-3′; Ago2 forward, 5′-CCTCCCATGTTTACAAGTCG-3′ and reverse, 5′-TCTTTGTCCTGCCACAATG-3′; STAT3 forward, 5′-CATATGCGGCCAGCAAAGAA-3′ and reverse, 5′-ATACCTGCTCTGAAGAAACT-3′; GUSB forward, 5′-AGCGTGGAGCAAGACAGTG-3′ and reverse, 5′-TCTGCATAGGGGTAGTGGCT-3′; and Pri-miR-125b forward, 5′-TGAACCTCGAACAGAAATTGCC-3′ and reverse, 5′-TCCACCAAATTTCCAGGATGC-3′.

### Western blotting

Total cellular proteins were solubilized in RIPA lysis buffer containing protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA) and 1 mM PMSF. Proteins were loaded on a 10% SDS gel, resolved using SDS-PAGE and subsequently transferred electrophoretically to a PVDF membrane (EMD Millipore). The membranes were blocked in 5% non-fat-dried milk at room temperature for 30--60 min, and subsequently incubated with primary antibodies overnight at 4°C at the following dilutions: GAPDH (Santa Cruz Biotechnology, Inc.; cat. no. sc-25778) at 1:1,000, Ago2 (Abcam; cat. no. ab57113) at 1:2,000, STAT3 (Santa Cruz Biotechnology, Inc. cat. no. sc-8019) at 1:300, anti-human β-actin (Cell Signaling Technology, Inc.; cat. no. 4970) at 1:1,000. Subsequently, the membranes were washed and incubated for 1 h at room temperature with horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology, Inc.; cat. no. 7074) at a dilution of 1:2,000. Following several washes, signals were visualized using an ECL system (Tiangen Biotech Co., Ltd.). β-actin was used as the loading control. Western blot protein grayscale values were detected and analyzed by ImageJ (1.48V; NIH).

### Luciferase assay

For the luciferase assays, the WT and mutant GAPDH 3′UTR, and the WT and mutant (CTCAGGGAtoCTACTAGA) STAT3 3′UTR were amplified by PCR. The primer sequences for the amplification of STAT3 3′UTR-WT and STAT3 3′UTR-MUT were as follows: STAT3 3′UTR forward, 5′-ACCTGGCCTTTGGTGTTGAA-3′ and reverse: 5′-GCTGAGGCAAGGTGGTTTTG-3′. The DNA fragments were cloned into a pGL3 plasmid 3′ to the firefly luciferase gene. A total of 4×10^4^ 293T cells were co-transfected with 200 ng of microRNA mimics, 200 ng of one of the pGL3 firefly luciferase constructs and 20 ng of pGL3 *Renilla* luciferase construct, which was used as the normalization control. After 48 h, cells were lysed and luciferase activity was measured using a Dual-Luciferase Reporter Assay System (Promega Corporation), according to the manufacturer\'s protocol.

### Cell Counting Kit-8 (CCK-8) assay

Cells were seeded in 96-well plates at a density of 2×10^3^ cells/well in 100 µl culture medium. A total of 10 µl CCK-8 reagent (Beijing Transgen Biotech Co., Ltd.) was added at 0, 12, 24, 36, 48, 60 or 72 h. The plates were further cultured for 2 h. Cell viability was assessed by measuring the optical density (OD) absorbance at a wavelength of 450 nm using a microplate reader (BioTek Instruments, Inc.).

### Wound healing assays

Cells were cultured to 80% confluence in 6-well culture plates and a wound was created using a 200-µl pipette tip. Subsequently, the cells were washed once with fresh medium to remove the non-adherent cells. Wounds were imaged at 0 and 24 h and the width of scratch were measured using ImageJ Software (1.48V; NIH).

### Cell migration and invasion assays

Cells were resuspended in 200 µl serum-free RPMI-1640 medium and were plated onto either a BD BioCoat™ Matrigel™ Invasion Chamber (BD Biosciences) for invasion assays, or onto a BD Falcon (uncoated) Chamber for migration assays. For both assays, supplemented medium containing 10% FBS was added to the lower chamber. The chambers were processed after 24 h according to the manufacturer\'s protocol, and migrated cells were stained with Hoechst at room temperature for 10 min. Cells were examined using a fluorescence microscope with 20× objective (Nikon Corporation).

### microRNA stability analysis

SKOV3 cells were transfected with control WT or mutant GAPDH 3′UTR constructs for 24 h. Subsequently, actinomycin-D was added and cells were further cultured for 4, 8, 12, 16, 20 and 24 h. Total RNA was extracted using TRIzol reagent (Tiangen Biotech Co., Ltd.). The expression of miR-125b was detected using RT-qPCR.

### RNA binding immunoprecipitation

Cells were lysed for at least 20 min on ice. The cell lysates were collected following centrifugation (12,000 × g for 10 min). Cell lysates were incubated with an anti-Ago2 antibody (Abcam; cat. no. ab57113) at a dilution of 1:200, or isotype control IgG (Sigma-Aldrich: Merck KGaA) at 4°C for 2 h. The RNA-protein immunocomplexes were enriched using protein A/G Plus agarose beads. Subsequently, the beads were washed and the complexes were treated with DNase I and Proteinase K. RT-qPCR was performed to assess the RNA isolated from the immunoprecipitation material.

### Statistical analysis

Data are presented as the mean ± standard error of the mean of the indicated number of measurements. The differences between groups were analyzed by Student\'s t-test. Comparisons between multiple groups were performed using one-way ANOVA analysis of variance followed by the Tukey\'s post-hoc test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Identification of a frequent somatic mutation in the 3′UTR of GAPDH

Transcriptome sequencing was performed on the OVCA samples and their matching adjacent normal tissues from 120 patients to analyze the presence and frequency of mutations of housekeeping genes. A summary of the top 10 housekeeping genes with a high mutation rate in the UTR is shown in [Fig. 1A](#f1-or-44-03-0887){ref-type="fig"}. The gene with the highest frequency of non-coding mutations in the UTR was GAPDH, which harbored 6 mutations in 22/120 (18.3%) OVCA tissues ([Table SI](#SD2-or-44-03-0887){ref-type="supplementary-material"}). Additionally, a somatic mutation located in GAPDH 3′UTR (NM_001289745.2:c.\*1325\_\*1326insC) occurred most frequently (9.17%). In contrast, the matching adjacent normal tissues did not contain this somatic mutation.

The expression of GAPDH in OVCA tissues was assessed using RT-qPCR. As 18S and GUSB are reliable reference genes to determine the profile of gene expression in OVCA ([@b29-or-44-03-0887]), they were used as the internal controls in the present study. The results showed that GAPDH mRNA levels were significantly upregulated in OVCA tissues ([Fig. 1B](#f1-or-44-03-0887){ref-type="fig"}). This finding was supported by data from the Oncomine database (oncomine.org/resource/main.html). In contrast to the GAPDH mRNA expression patterns, the expression levels of GAPDH protein did not differ significantly between the cancerous and non-cancerous tissues ([Fig. S1](#SD1-or-44-03-0887){ref-type="supplementary-material"}).

### Mutant GAPDH 3′UTR promotes cell growth and cell motility of OVCA

To determine the biological roles of the effect of the mutant GAPDH 3′UTR (NM_001289745.2:c.\*1325\_\*1326insC) on OVCA, the OVCA cell lines SKOV3 and OVCAR3 stably expressing WT or mutant GAPDH 3′UTR were constructed. A CCK-8 assay demonstrated that the mutant but not the WT GAPDH 3′UTR-overexpressing OVCA cells exhibited significantly increased cell growth compared with the control cells ([Fig. 2A and B](#f2-or-44-03-0887){ref-type="fig"}). Furthermore, the effect of the GAPDH 3′UTR on cell motility of OVCA cells was assessed using wound healing and Transwell assays. The results showed that overexpression of the mutant GAPDH 3′UTR in OVCA cells significantly promoted migration as the wound closure rate was increased ([Fig. 2C and D](#f2-or-44-03-0887){ref-type="fig"}). Consistent with this result, Transwell assays also showed that the mutant GAPDH 3′UTR significantly increased the migratory and invasive capacity of OVCA cells ([Fig. 2E-G](#f2-or-44-03-0887){ref-type="fig"}). Taken together, these results suggest that mutant GAPDH 3′UTR promoted cell growth and cell motility of OVCA cells.

### Mutation in GAPDH 3′UTR results in the creation of a miR-125b binding site

To further analyze the molecular mechanisms of the frequent mutation in GAPDH 3′UTR, bioinformatics algorithms were used to predict miRNAs which may interact with the mutation site, including miRDB ([@b30-or-44-03-0887]) and miRcode ([@b31-or-44-03-0887]). The results of the alignment analysis suggested that the mutated sequence matches a sequence located in the 'seed region' of the binding sites of miR-125b ([Fig. 3A](#f3-or-44-03-0887){ref-type="fig"}). The structure and free energy of potential binding site interactions between miR-125b with GAPDH mRNA 3′UTR (WT and mutant) were analyzed using RNAhybrid ([@b32-or-44-03-0887]). The results showed that the mutant GAPDH 3′UTR had a stronger affinity for miR-125b compared with the WT ([Fig. 3B](#f3-or-44-03-0887){ref-type="fig"}). To further confirm the binding activation of GAPDH 3′UTR with miR-125b, luciferase reporter plasmids with the WT or mutant GAPDH 3′UTR were constructed and co-transfected with miR-125b mimics in 293T cells. The results showed that only when transfected with the mutant construct was the activity of luciferase significantly reduced by miR-125b ([Fig. 3C](#f3-or-44-03-0887){ref-type="fig"}). Based on these results, it was concluded that the frequent mutation in GAPDH 3′UTR created a new binding site for miR-125b.

### Mutation in GAPDH 3′UTR results in the downregulation of mature miR-125b levels in OVCA cells

Previous studies have shown that miR-125b is dysregulated in different types of cancer ([@b33-or-44-03-0887]--[@b36-or-44-03-0887]). The expression of miR-125b was quantified in 30 paired normal and OVCA tissues using RT-qPCR, and it was found that miR-125b was significantly downregulated in the OVCA tissues ([Fig. 4A](#f4-or-44-03-0887){ref-type="fig"}). This finding is supported by several recent studies ([@b33-or-44-03-0887],[@b37-or-44-03-0887]). Additionally, miR-125b levels may have been regulated by the mutant GAPDH 3′UTR in OVCA cells. Expression of the mutant GAPDH 3′UTR significantly decreased the levels of mature miR-125b, whereas neither pre-miRNA nor pri-miRNA levels were altered ([Fig. 4B and C](#f4-or-44-03-0887){ref-type="fig"}); and the stability of mature miR-125b was significantly decreased in cells stably expressing the mutant GAPDH 3′UTR following inhibition of intracellular RNA transcription with actinomycin D treatment ([Fig. 4D](#f4-or-44-03-0887){ref-type="fig"}). These phenomena were abrogated in cells with the WT 3′UTR of GAPDH ([Fig. 4B-D](#f4-or-44-03-0887){ref-type="fig"}). Additionally, the mature miR-125b level in the OVCA mutant tissues (NM_001289745.2:c.\*1325\_\*1326insC) and OVCA wild-type tissues was analyzed. The results showed there was no difference between these two group, and the main reason was the low abundance of GAPDH mutation ([Fig. S2](#SD1-or-44-03-0887){ref-type="supplementary-material"}). Together, these results suggest that the mutant GAPDH 3′UTR reduced the relative levels of mature miR-125b, and this effect was not associated with transcriptional regulation or miRNA precursor processing.

### Mutant GAPDH 3′UTR regulates miR-125b levels in an Ago2-dependent manner

It was previously reported that miRNAs guide argonaute RISC catalytic component 2 (Ago2) protein to distinct target sites on mRNAs ([@b38-or-44-03-0887]). Therefore, the involvement of Ago2 on the interaction of miR-125b and GAPDH 3′UTR-MUT was assessed. Subsequently, to further explore the potential mechanisms involved, an anti-Ago2 RIP experiment was performed on extracts of SKOV3 cells (stably expressing mutant GAPDH 3′UTR). The mutant GAPDH 3′UTR fragment and miR-125b were enriched in Ago2-containing complexes ([Fig. 5A](#f5-or-44-03-0887){ref-type="fig"}). In addition, to investigate the role of Ago2 on the biological function of the mutant GAPDH 3′UTR, Ago2 expression was knocked down using siRNA ([Fig. 5B and C](#f5-or-44-03-0887){ref-type="fig"}). Knockdown of Ago2 partially inhibited the degradation of miR-125b induced by the mutant GAPDH 3′UTR ([Fig. 5D](#f5-or-44-03-0887){ref-type="fig"}). Previous studies showed that miRNAs act as miRNA ribonucleoprotein complexes containing Ago2, an important component of RNA induced silencing complex (RISC). The above results showed that miR-125b and the mutant GAPDH 3′UTR were involved in a RISC, suggesting that the mutant GAPDH 3′UTR may function as a sponge of miR-125b in OVCA cells.

### Mutant GAPDH 3′UTR promotes cancer development by sponging miR-125b, thereby regulating STAT3 expression in OVCA cells

To investigate whether the effects of the mutant GAPDH 3′UTR on OVCA development were mediated by miR-125b, OVCA cells stably expressing the mutant GAPDH 3′UTR were transfected with miR-125b mimics. Transfection of miR-125b mimics abrogated the tumor promoting effects induced by mutant GAPDH 3′UTR, which suggested that the mutant GAPDH 3′UTR promoted cancer development by regulating miR-125b ([Fig. 6A-C](#f6-or-44-03-0887){ref-type="fig"}). To examine the effects of miR-125b on the mechanisms and functions of the mutant GAPDH 3′UTR, direct target genes of miR-125b were selected using TargetScan. The results showed that STAT3 may be an effective target gene. Luciferase reporter assays were performed to assess whether STAT3 directly interacted with miR-125b. The results demonstrated that miR-125b reduced luciferase activity in the pGL3-STAT3-3′UTR-WT transfected cells ([Fig. 6D](#f6-or-44-03-0887){ref-type="fig"}). To determine the underlying relationship between GAPDH 3′UTR and STAT3, the expression of STAT3 was assessed in SKOV3 cells stably expressing GAPDH 3′UTR. The results showed that overexpression of the mutant GAPDH 3′UTR upregulated STAT3 expression ([Fig. 6E and F](#f6-or-44-03-0887){ref-type="fig"}). As it has been reported that elevated STAT3 expression in OVCA contributes to tumorigenesis and progression ([@b39-or-44-03-0887],[@b40-or-44-03-0887]), it was concluded that the mutant GAPDH 3′UTR facilitates OVCA cell growth and cell motility by sponging miR-125b and thus upregulating STAT3 levels.

Discussion
==========

Recently, the genomic sequencing of cancer tissues has provided evidence that the majority of cancer genomes contain thousands of somatic mutations, and some of these somatic mutations may exhibit a functional effect on tumorigenesis and metastasis ([@b16-or-44-03-0887],[@b41-or-44-03-0887],[@b42-or-44-03-0887]). In the present study, GAPDH mRNA expression levels were upregulated in ovarian cancer (OVCA) tissues, and a frequent somatic mutation in the 3′UTR of GAPDH (NM_001289745.2:c.\*1325\_\*1326insC) was identified. The mutant GAPDH 3′UTR significantly promoted OVCA cell growth and cell motility, whereas the WT GAPDH 3′UTR had no effect on these biological processes.

Numerous studies have shown that somatic mutations in the 3′UTR may promote tumor progression by altering miRNA targeting efficiency and consequently affecting miRNA-mRNA interactions ([@b18-or-44-03-0887],[@b43-or-44-03-0887],[@b44-or-44-03-0887]). To assess the functional mechanisms of a frequent somatic mutation located in the 3′UTR of GAPDH, its effect on miRNA binding was analyzed. The results showed that the mutation created a new binding site for miR-125b. RT-qPCR was performed on OVCA cell lines stably expressing WT or mutant GAPDH 3′UTR, and the results showed that the mutant 3′UTR resulted in a \~40% decrease in mature miR-125b levels, and this regulation was dependent on the expression of Ago2. These results suggest that the GAPDH 3′UTR mutation, which is able to bind to miR-125b target sites, may impair miRNA-mRNA interaction and sponge miR-125b.

It was reported that miR-125b was involved in the initiation and progression of several types of cancer, such as urothelial tumors ([@b45-or-44-03-0887]), liver ([@b46-or-44-03-0887],[@b47-or-44-03-0887]), bladder cancer ([@b48-or-44-03-0887]) and ovarian cancer ([@b33-or-44-03-0887]). miR-125b may act as a tumor suppressor, inhibiting invasion, migration and angiogenesis ([@b48-or-44-03-0887],[@b49-or-44-03-0887]). In the present study, miR-125b was downregulated in OVCA tissues compared with the matching normal tissues. Transfection of miR-125b mimics suppressed OVCA cell growth, and decreased cell motility. In addition, transfection of miR-125b mimics counteracted the tumor promoting effects induced by the mutant GAPDH 3′UTR. Taken together, these results indicated that the mutant GAPDH 3′UTR promoted the development of OVCA by sponging miR-125b.

Several recent studies have reported that mRNAs, transcribed pseudogenes and other RNAs may bind to miRNAs and act as potent miRNA sponges ([@b50-or-44-03-0887]--[@b52-or-44-03-0887]). These molecules have been termed competitive endogenous RNAs ([@b20-or-44-03-0887]). ceRNAs can sequester miRNAs, thereby protecting the target RNAs of the respective miRNA from repression ([@b23-or-44-03-0887]). In the present study, the mutant GAPDH 3′UTR regulated miR-125b levels in an Ago2-dependent manner, which suggested that the mutant GAPDH may act as a ceRNA. Bioinformatics algorithms and a luciferase reporter assay identified STAT3 as the target of miR-125b. Moreover, this finding was supported by several recent studies ([@b53-or-44-03-0887],[@b54-or-44-03-0887]). To further determine the effect of the mutant GAPDH 3′UTR on miR-125b-mediated regulation of STAT3, the expression levels of STAT3 in OVCA cells stably expressing GAPDH 3′UTR were assessed. Overexpression of the mutant GAPDH 3′UTR resulted in a significant increase in STAT3 levels. Several studies have shown that STAT3 levels are elevated in several different types of cancer, and it is a critical regulator of numerous cellular processes, including proliferation, invasion and metastasis ([@b55-or-44-03-0887]--[@b57-or-44-03-0887]). Therefore, the mutant GAPDH 3′UTR may promote tumor growth and cell motility through increasing the expression of STAT3.

In conclusion, the primary finding of the present study was that mutations in GAPDH 3′UTR promoted development of OVCA by creating a new miR-125b binding site, thereby promoting oncogenic STAT3 expression in ovarian cancer.
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![Identification of a frequent somatic mutation in the 3′UTR of GAPDH. (A) The top 10 housekeeping genes with high mutation rates in the UTR, as determined by transcriptome sequencing of 120 pairs of human OVCA tissues and the matching adjacent normal tissues. (B) Relative mRNA expression levels of GAPDH in 20 pairs of OVCA tissues and the matching adjacent normal tissues, with 18S or GUSB as the internal control, respectively. \*\*\*P\<0.001. UTR, untranslated region; OVCA, ovarian cancer; GAPDH, glyceraldehyde 3-phosphate dehydrogenase, PDK2, pyruvate dehydrogenase kinase 2; ACTB, β actin; PUM1, Pumilio RNA binding family member 1; B2M, β-2-microglobulin; TBP, TATA-box binding protein; HSPA5, heat shock protein family A (Hsp70) member 5; RPL13A, ribosomal protein L13a; ALAS1, 5′-aminolevulinate synthase 1; GUSB, glucuronidase β.](OR-44-03-0887-g00){#f1-or-44-03-0887}

![Mutant GAPDH 3′UTR promotes tumor growth and cell motility of OVCA. Cell viability of (A) SKOV3 and (B) OVCAR3 cells stably expressing WT or mutant (MUT) GAPDH 3′UTR was determined by CCK-8 assay. Cells infected with pLKO.1-control lentivirus were used as the negative control. In the CCK-8 assay experiment, 4 parallel wells were set up in each group, and the experiment was repeated three times. Wound healing assays were performed to assess cell migration in (C) SKOV3 and (D) OVCAR3 cells stably expressing WT or MUT GAPDH 3′UTR. Cells infected with pLKO.1-control lentivirus were used as the negative control. n=20. Scale bar in D represents 100 µm. (E) Cell migration and invasive capacity was examined in SKOV3 cells stably expressing WT or MUT GAPDH 3′UTR using a Transwell assay. SKOV3 cells infected with pLKO.1-control lentivirus were used as the negative control. Scale bar in E represents 100 µm. Quantification of (F) Transwell migration and (G) Transwell invasion assays, n=20. In the Transwell assay experiment, three parallel wells were set up in each group, and the experiment was repeated three times. \*P\<0.05, \*\*P\<0.01, GAPDH, glyceraldehyde 3-phosphate dehydrogenase; UTR, untranslated region; OVCA, ovarian cancer.](OR-44-03-0887-g01){#f2-or-44-03-0887}

![Mutation in GAPDH 3′UTR results in the creation of a miR-125b binding site. (A) Sequence alignment of miR-125b binding site with wild-type (WT) or mutant (MUT) GAPDH 3′UTR. (B) Schematic structure and the free energy of potential binding between miR-125b and WT or MUT GAPDH 3′UTR. (C) miR-125b mimics or scramble NC were co-transfected with luciferase reporter constructs containing WT or MUT GAPDH 3′UTR in 293T cells and relative luciferase activity was measured. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; UTR, untranslated region; NC, negative control; miR, microRNA; mfe, minimum free energy.](OR-44-03-0887-g02){#f3-or-44-03-0887}

![Mutation in GAPDH 3′UTR results in the downregulation of mature miR-125b levels in OVCA cells. (A) mRNA expression levels of miR-125b in 30 paired human OVCA tissues. Detection of pre-miR-125b, pri-miR-125b and mature miR-125b levels in (B) SKOV3 and (C) OVCAR3 cells stably expressing wild-type (WT) or mutant (MUT) GAPDH 3′UTR. Cells infected with pLKO.1-control lentivirus were used as the negative control. (D) Stability assessment of miR-125b in SKOV3 cells transfected with WT or MUT GAPDH 3′UTR constructs. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; UTR, untranslated region; OVCA, ovarian cancer; miR, microRNA.](OR-44-03-0887-g03){#f4-or-44-03-0887}

![Mutant GAPDH 3′UTR regulates miR-125b levels in an Ago2-dependent manner. (A) RNA immunoprecipitation (RIP) assays were performed and the relative enrichment of the mutant (MUT) GAPDH 3′UTR RNA and miR-125b were determined using RT-qPCR in the Ago2 and IgG groups. (B) RT-qPCR and (C) western blot analysis were used to assess the efficiency of Ago2 siRNA; GUSB and β-actin were used as the internal controls, respectively. Ago2-siRNA-1 was the most effective siRNA and thus used for subsequent experiments. (D) Assessment of the stability of miR-125b in SKOV3 cells transfected with the mutant GAPDH 3′UTR construct and Ago2 siRNA-1; scramble NC was used as the negative control. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; RT-qPCR, reverse transcription-quantitative PCR; siRNA, small interfering RNA; UTR, untranslated region; NC, negative control; Ago2, argonaute RISC catalytic component 2. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001.](OR-44-03-0887-g04){#f5-or-44-03-0887}

![Mutant GAPDH 3′UTR promotes cancer development by sponging miR-125b, thereby regulating STAT3 expression in OVCA cells. (A) miR-125b mimics or scramble NC were transfected into SKOV3 cells stably expressing the mutant (MUT) GAPDH 3′UTR. Migration and invasion assays were performed to assess the effects of miR-125b on cell motility. SKOV3 cells infected with pLKO.1-control lentivirus were used as the negative control. Scale bar in A represents 100 µm. Quantification of (B) migration and (C) invasion, n=20. (D) Luciferase reporter assays showed that overexpression of miR-125b reduced luciferase activity in 293T cells transfected with the STAT3 3′UTR-WT vector. (E) RT-qPCR and (F) western blot analysis of STAT3 expression in SKOV3 cells stably expressing WT of mutant GAPDH 3′UTR. SKOV3 cells infected with pLKO.1-control lentivirus were used as the negative control. \*P\<0.05, \*\*P\<0.01. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; STAT3, signal transducer and activator of transcription 3; UTR, untranslated region; OVCA, ovarian cancer; RT-qPCR, reverse transcription-quantitative PCR; miR, microRNA; NC, negative control.](OR-44-03-0887-g05){#f6-or-44-03-0887}

###### 

Clinicopathogical characteristics of the OVCA patients (N=120).

  Clinicopathological characteristics   Data
  ------------------------------------- -------------------
  Age (years)                           
    Median age (years)                  54
    ≥60, n (%)                          54 (45.00)
    \<60, n (%)                         66 (55.00)
  BMI, kg/m^2^                          
    Mean (range)                        21.34 (18.9-28.6)
  FIGO stage, n (%)                     
    I--II                               74 (61.67)
    III--IV                             46 (38.33)
  Histological type, n (%)              
    Serous                              71 (59.17)
    Clear cell                          12 (10.00)
    Mucinous                            17 (14.16)
    Endometrioid                        20 (16.67)

OVCA, ovarian cancer; BMI, body mass index; FIGO, International Federation of Gynecology and Obstetrics.
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